Introduction {#s1}
============

In the past decade, stem cell-based treatments of acute myocardial infarction (AMI) have been a focus of intense investigation. Autologous bone marrow-derived mesenchymal stem cells (MSCs) have been widely utilized as a result of their plasticity, availability, and lack of immunological rejection or ethical issues [@pone.0065702-Psaltis1]. However, many studies have demonstrated the poor survival and retention of transplanted cells *in vivo*, whether this be due to properties of the cells themselves, the extremely hostile microenvironment in the peri-infarct region, or a combination of both [@pone.0065702-Robey1]. For these reasons the focus has been on efforts to improve the tolerance of stem cells to the adverse microenvironment, which would hopefully lead to the development of a clinical approach to improve stem cell survival and tissue repair capacity [@pone.0065702-Pons1]. Recently, we reported that ameliorating the post-infarct milieu using statins may significantly improve the survival and benefits of implanted MSCs, and such a strategy is feasible in a clinical setting [@pone.0065702-Yang1]. However, the underlying mechanisms of benefit remain unclear.

Statins exert pleiotropic effects independent of their lipid-lowering ability [@pone.0065702-Blum1]. In the experimental setting, treatment with statins can improve endothelial function by increasing nitric oxide bioactivity, antioxidant properties, and inhibition of inflammatory responses. Statins may exert a beneficial impact on the expression of endothelial nitric oxide synthase (endothelial NOS, or eNOS) and NOS-catalyzed production of nitric oxide (NO) [@pone.0065702-Blum1]. The present study tested the hypothesis that Atorvastatin treatment (Ator, Pfizer, USA) modulates the post-infarct milieu to facilitate the survival and therapeutic action of implanted MSCs, and especially focused in the mechanism behind the phenomenon. We also explored the role of the eNOS/NO pathway in the statin/stem cell therapy for AMI.

Methods {#s2}
=======

1. Animals ethics statement {#s2a}
---------------------------

The investigation complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985) and The ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines[@pone.0065702-Kilkenny1]. All animal procedures were approved by the Care of Experimental Animals Committee of the Chinese Academy of Medical Sciences and Peking Union Medical College, China.

2. Animals grouping {#s2b}
-------------------

Ten-month-old Chinese miniswine (25±5 kg) were obtained from the Laboratorial Animal Center of the Chinese University of Agriculture and housed in the animal facility of the Fuwai Hospital. A total of 42 Chinese miniswine were randomized into six groups (*n* = 7): 1. Sham operation (Sham); 2. AMI control (Control); 3. Ator only (Ator); 4. MSC transplantation only (MSCs); 5. Ator combined with MSC transplantation (Ator+MSCs); and 6. Ator combined with MSC transplantation and the NOS inhibitor NG-nitrol-L-arginin (L-NNA, Cayman, Michigan, USA) (Ator+MSCs+L-NNA).

**3. I**solation and culture of swine bone marrow MSCs {#s2c}
------------------------------------------------------

Autologous bone marrow MSCs were isolated and cultured as previously described [@pone.0065702-Rho1]. 50 ml of bone marrow aspirated from the iliac crest was used for preparation of mononuclear cells by centrifugation through 1.077 g/ml Percoll (Sigma). Cells were then suspended at a density of 5×10^5^/cm2 in a low-glucose DMEM medium containing 10% fetal bovine serum (Gibco). The medium was changed every 3 days. After 15--18 days, MSCs of passage 4--5 were detached, labeled with 4′6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, Missouri, USA) and chloromethyl-benzamido derivative of 1,1′-dioctadecyl-3,3,3′3′-tetramethylindocarbocyanine perchlorate (CM-DiI, invitrogen, California, USA), and kept in 1000 µL warm DMEM for transplantation (3×10^7^ cells per animal).The purity of MSCs was determined by fluorescent flow cytometry, according to the manufacturer\'s protocol ([Fig. S1 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). The viability *in vitro* was detected by trypan blue dye exclusion assay ([Fig. S2 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). Differentiation potential inducted by 5-azacytdine was assessed by immunocytochemistry with specific antibodies against muscle-specific proteins ([Fig. S3 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

4. AMI model, cell transplantation, and treatment administration {#s2d}
----------------------------------------------------------------

Swine were sedated with ketamine (25 mg/kg, intramuscularly) and valium (1 mg/kg), endotracheally intubated, and connected to a ventilator. Midline sternotomy was performed. The left anterior descending artery was then dissected free just distal to the first diagonal branch and occluded by a snare loop. The LAD coronary artery was occluded, after ninety minutes, the loop was released to reperfuse the heart. The infarcted region was identified as mild pale and swelling zone. Thirty minutes after reperfusion, 1000 µL autologous MSCs (with 3×10^7^ cells/animal) were injected into the infarction (500 µL for 5 foci) and peri-infarction zone (500 µL for 5 foci). The Control group received the same volume of cell-free DMEM culture medium. The animals were extubated and allowed to recover for 4 weeks. All the animals received analgesics (buprenorphine: 0.3 mg) and antimicrobial therapy (cephazoline: 1.0 g) intramuscularly, twice daily for 3 days post-operation. According to the dose determined by our previous experiments[@pone.0065702-Yang1], the animals were fed a normal diet with Ator (0.25 mg/kg/day) or Ator combined with L-NNA (5 mg/kg/day) from the 3rd day pre-operation to the 4th week post-operation.

5. Blood Samples {#s2e}
----------------

Blood samples were collected before statin administration for measurements of serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and high-sensitivity C-reactive protein (hs-CRP). Serum constitutive NOS (cNOS) activity and NO concentration were tested with commercially available assay kits (Nanjing JianCheng, Jiangsu, CHN) according to the manufacturer\'s protocol.

6. Myocardial perfusion, metabolism, and cardiac function {#s2f}
---------------------------------------------------------

The therapeutic effects of stem cells usually do not apparent until 2 to 4 weeks after implantation; the status of the heart 1 week after procedure is similar to that of the baseline status. Therefore, at the baseline (1 week after transplantation) and endpoint (4 weeks after transplantation), ^99m^Tc-methoxyisobutyl isonitrile (^99m^Tc-MIBI) single photon emission computed tomography (SPECT, Varicum, GE, USA) was performed to evaluate the fixed perfusion defect, representing the size of infarction. ^18^F-deoxyglucose (^18^F-FDG, China Institute of Atomic energy, CIAE) positron emission tomography-computed tomography (PET-CT, TruePoint, Siemens, GER) was utilized to estimate viable myocardium after AMI. Cine magnetic resonance imaging (MRI) and contrast-enhancement MRI were performed using a 1.5 T MRI scanner (Avanto, Siemens, GER) with a phase-array radiofrequency receiver coil. The cardiac function and geometry indices were detected by MRI as previously described [@pone.0065702-vandenBos1].

7. Histopathology and immunohistochemistry {#s2g}
------------------------------------------

At 4 weeks, animals were anesthetized and euthanized with saturated solution of potassium chloride. The left ventricle of every heart was cut into 8 fragments from the apex to the base, and 5 5-µm--thick sections were randomly chosen from regions where cells or placebo were injected in every fragment. The Triphenyltetrazolium chloride (TTC), Hematoxylin and Eosin (H&E), Masson\'s Trichrome, and Factor VIII stains were performed. Inflammation scores and collagen volume fraction were calculated. Five images were randomly selected in every fifth cross-section in each group, and were explored with Image-Pro Plus 6.0 (Media Cybernetics Inc., USA) by an independent investigator, and classified them according to the following criteria as reported previously. Inflammation score[@pone.0065702-Volz1]: 0. No inflammatory lesion; 1. rare focal inflammatory lesions (\<5%); 2. multiple isolated foci of inflammation (6--10%); 3. diffuse inflammation (11--30%); 4. diffuse inflammation (31--50%); 5. diffuse inflammation (\>50%) or with necrosis. Collagen volume fraction (CVF) was calculated as the area occupied by collagens divided by the total area[@pone.0065702-Weber1]. Apoptosis was evaluated using the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay kit (Roche, Indiana, USA). The TUNEL-positive cells were counted in 10 different microscopic fields of at least three different sections from each animal. The percentage of apoptotic cells was termed as the apoptotic index.

8. Real-time reverse transcriptase polymerase chain reaction and western blot {#s2h}
-----------------------------------------------------------------------------

Analysis was performed using 7900HT Fast Real-Time PCR System (Applied Biosystems). The expressions of mRNA for inducible NOS (iNOS), eNOS, and neuronal NOS (nNOS) in peri-infarcted area of each group were quantified in duplicate. The following primer sequences were applied: swine iNOS forward: 5′-CAGCAAAGAAATCTCCAGACTCC-3′, and swine iNOS reverse: 5′-CCTGGGTCCTATGGTCAAACTT-3′; swine eNOS forward: 5′-GCCAGAAAGAAGACGTTTAAGG-3′, and swine eNOS reverse: 5′-CTCGGAGGCGTACAGAATTG-3′; swine nNOS forward: 5′-CGTATGAAGTGACCAACCGC-3′ and swine nNOS reverse: 5′-CTGAGCAAGAGGGTCCAGTTAG-3′.

Subsequently, western blotting of peri-infarcted tissue of each group was conducted according to standard procedures with polyclonal mouse antibodies against phosphorylated-eNOS (1∶250) and eNOS (1∶250) (both from Cell Signal Technology). Target signals were normalized to the GAPDH (1∶2000, Cell Signal Technology) signal and analyzed semiquantitatively with the Quantity One system. The eNOS activity was represented by the ratio of phosphorated-eNOS/eNOS (%).

9. Immunofluorescence microscopy of transplanted MSCs {#s2i}
-----------------------------------------------------

Myocardial samples were snap frozen in liquid nitrogen with OCT compound (Tissue-Teck, Sakura, JAP) and cut into 5-µm-thick slices. The slices were incubated with antibodies against α-sarcomeric actin (actin, l∶50, DAKO, California, USA), cardiac troponin T (CTn-T, 1∶50, Sigma, Missouri, USA), and connexin-43 (Cx-43, l∶50, Sigma, Missouri, USA), which were detected by goat anti-rabbit IgG antibodies conjugated with green fluorescein isothiocyanate (FITC, Molecular Probes, Invitrogen, California, USA). The nuclei and cytoplasm of implanted cells were stained with DAPI (blue) and CM-DiI (red), respectively. Cells were counted in five randomly chosen fields using Image-Pro Plus 6.0 Software (Media Cybernetics Inc., USA). The cells positive for both DAPI and CM-DiI were counted as implanted MSCs and expressed as cells/field (100X). Colocalization of the DAPI/CM-DiI double-labeled cells and actin, Cx-43, or CTn-T expression (green) were examined with a laser scanning confocal microscope (LSCM, Leica, GER).

10. Statistical analysis {#s2j}
------------------------

Continuous variables were presented as means ± standard deviation. After evaluation of the homogeneity of variance and normal distribution of data, ANOVA was performed to determine the differences of indices or the variations between the baseline and endpoint among the groups. The least significant difference (LSD) tests were used for multiple comparisons between the groups. A value of P\<0.05 was considered statistically significant, and all the analyses were performed with SPSS version 13.0 (SPSS, Illinois, USA).

Results {#s3}
=======

Five animals (each group had one animal died except the Sham) died before sacrifice. Four died of refractory ventricular fibrillation within 24 h after AMI and one died of heart failure on Day 7. All of the dead animals were excluded from further analysis. There were no differences in the levels of serum lipids at both baseline and at endpoint between the experimental and control groups (*P*\>0.05) ([Table S1 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). Phenotypic characterization demonstrated that MSCs were negative for CD34 and CD45, but positive for CD29 (99.94±0.05%) and CD90 (97.43±1.29%). After being labeled with DAPI, MSCs viability was consistent at about 98% ([Fig. S1--S2 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

1. Ator or MSCs alone reduced infarct size, but did not improve cardiac function {#s3a}
--------------------------------------------------------------------------------

SPECT and PET-CT demonstrated a significant perfusion and metabolic defect area in the Control group compared with Sham the group, both at baseline and endpoint (*P*\<0.005). Atorvastatin alone reduced the perfusion defect area, but the decrease was not statistically significant (*P* = 0.053). Meanwhile, MSC transplantation alone demonstrated a significant reduction in perfusion defect area compared with the Control group (*P* = 0.030). In addition, Ator (*P* = 0.013 in size or *P* = 0.018 in proportion) and MSCs alone (*P* = 0.005 in size or *P* = 0.009 in proportion) significantly decreased the extent of the metabolic defect, as reflected by an increase in PET-determined viability, when compared with the Control group. However, there was no obvious difference in such efficacy between Ator and MSCs (*P*\>0.05) ([Fig. 1](#pone-0065702-g001){ref-type="fig"}) ([Table S2--S3 in File S1](#pone.0065702.s001){ref-type="supplementary-material"})

![Myocardial perfusion and metabolism evaluated by ^99m^Tc-MIBI SPECT and ^18^F-FDG PET-CT, respectively.\
A. The perfusion defect proportion. B. The variation in perfusion defect proportion (variation = endpoint − baseline). C. The two left columns are the vertical long axis view of myocardial metabolism; the two right columns are the bull\'s eye polarmap. From top to below: Sham group, Control group, Ator group, MSCs group; Ator+MSCs group, Ator+MSCs+L-NNA group. D. The variation of metabolism defect size and proportion (variation = endpoint − baseline). Each group was compared with the Control group. \* *P*\<0.05, \# *P*\<0.01.](pone.0065702.g001){#pone-0065702-g001}

MRI examination demonstrated that the left ventricular ejection fraction (LVEF) in the Control group decreased significantly (*P* = 0.011), with a significant increase in the left ventricular end systolic volume (LVESV) (*P* = 0.012) compared with the Sham group. At endpoint, LVEF, left ventricular end diastolic volume (LVEDV), LVESV, left ventricular stroke volume (LVSV), left ventricular cardiac output (LVCO), and left ventricular cardiac index (LVCI) remained unchanged in both Ator (*P*\>0.05) and MSCs groups (*P*\>0.05), when compared with the Control group ([Fig. 2](#pone-0065702-g002){ref-type="fig"}) ([Table S4 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

![Left ventricular function evaluated using Cardiac MRI.\
A--F: The short-axis image of the end-diastolic or end-systolic period. A. Sham group. B. Control group. C. Ator group. D. MSCs group. E. Ator+MSCs group. F. Ator+MSCs+L-NNA group. G--I: The variation of LVEF, LVCO, and LVCI (Variation = endpoint − baseline). Each group was compared with the Control group. \* *P*\<0.05, \# *P*\<0.01.](pone.0065702.g002){#pone-0065702-g002}

2. Ator combined with MSCs decreased infarct size and improved cardiac function {#s3b}
-------------------------------------------------------------------------------

All the experimental groups but the Sham group demonstrated significant defects in cardiac perfusion and metabolism ([Fig. 1](#pone-0065702-g001){ref-type="fig"}--[2](#pone-0065702-g002){ref-type="fig"}). However, the perfusion and metabolic defects in the Ator+MSCs group decreased significantly when compared with the Control group (−6.2±1.8% vs. 2.0±5.1%, *P* = 0.0001 and −3.00±1.41% vs. 4.20±4.09%, *P* = 0.0004) ([Fig. 1](#pone-0065702-g001){ref-type="fig"}) ([Table S2--S3 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). MRI examination demonstrated that the Ator+MSC significantly increased LVEF (endpoint-baseline) (14.22±12.8% vs. 1.64±2.64%, *P* = 0.019), LVCO (*P* = 0.036), and LVCI (*P* = 0.013). However, there was no significant difference in LVEDV, LVESV, or LVSV ([Fig. 2](#pone-0065702-g002){ref-type="fig"}) ([Table S4 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

3. Ator combined with MSCs reduced markers of inflammation and fibrosis {#s3c}
-----------------------------------------------------------------------

Histopathological study of heart sections was performed to determine morphological changes. In all groups other than the Sham group, TTC staining demonstrated infarct lesions in the left ventricle free wall. H&E and Masson\'s Trichrome staining demonstrated that the infarct areas and border zones contained numerous inflammatory cells and fibrotic tissue. Ator alone (2.92±0.86) and Ator combined with MSCs (2.44±0.58) were associated with a lower inflammation score compared to Control (3.72±0.84), with the lowest score present in the combined group (*P* = 0.024) when compared with Ator alone. All treated groups had lower collagen volume fractions (46.2%--50.3%) compared to Control (57.9±10.1%). Markedly reduced fibrosis occurred in the Ator+MSCs animals compared with the Ator alone group (38.5±10.9% vs. 46.2±11.0%, *P* = 0.008), but there was no significant difference when compared with the MSCs group (38.5±10.9% vs. 42.0±11.8%, *P* = 0.216) ([Fig. 3](#pone-0065702-g003){ref-type="fig"}) ([Table S5 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

![TTC staining and H&E/Masson\'s Trichrome staining.\
A. Sham group. B. Control group. C. Ator group. D. MSCs group. E. Ator+MSCs group. F. Ator+MSCs+L-NNA group. Infarction tissue was stained as white and normal tissue was stained as red. G--H: H&E staining showed inflammatory cell infiltration and inflammation score. I--J: Masson\'s Trichrome staining and fibrosis. Each group compared with Control group. \* *P*\<0.05, \# *P*\<0.01. The magnification is 100×.Scale bar = 50 µm.](pone.0065702.g003){#pone-0065702-g003}

4. Ator treatment improved survival of implanted MSCs {#s3d}
-----------------------------------------------------

Fluorescence microscopy was performed to assess the survival and extent of differentiation of implanted MSCs. The quantity of cells double-labeled with DAPI and CM-DiI within the cardiac tissues of Ator+MSCs animals were significantly greater than those of the MSCs group (92.2±9.6/field vs. 30.2±5.9/field, *P*\<0.0001) ([Fig. 4A--E](#pone-0065702-g004){ref-type="fig"}), suggesting that Ator treatment increased the survival potential of the MSCs. The implanted cells were primarily located in the peri-infarction area, and seldom observed in the center of infarction or regions remote from infarction. In addition, some DAPI-positive cells were not labeled with CM-DiI, but the effects of false-positives were mitigated because the double-labeled cells were considered to be the true surviving implanted cells. A portion of implanted MSCs expressed cardiac-specific proteins, including actin, CTn-T, and Cx-43 in the hearts of animals receiving MSC transplantation ([Fig. 4F--N](#pone-0065702-g004){ref-type="fig"}). However, there was no significant difference between the MSCs and Ator+MSCs groups, which implied that the differentiation efficiency is low in spite of the improved survival caused by Ator.

![Survival and cardiomyogenesis potential of the implanted MSCs.\
A--E: The survival of implanted MSCs *in vivo*. DAPI- (blue) and CM-DiI- (red) positive cells were counted using Image-Pro Plus 6.0 software. Double-labelled cells in each field were counted as surviving MSCs. The Ator+MSCs and Ator+MSCs+L-NNA groups were compared with the MSCs group. \* *P*\<0.05, \# *P*\<0.01. F--N: Cardiomyogenesis of the implanted MSCs *in vivo*(Ator+MSCs group). Cardiac-specific proteins are labeled with fluorescein isothiocyanate (green). The final magnification is 100×. Scale bar = 50 µm.](pone.0065702.g004){#pone-0065702-g004}

5. Inhibition of apoptosis and decreased hs-CRP levels by Ator combined with MSCs transplantation {#s3e}
-------------------------------------------------------------------------------------------------

The apoptosis index of the peri-infarct region in the Control group deteriorated significantly compared with the Sham group (22.34±4.35% vs. 4.97±1.31%, *P* = 0.000). The apoptosis index in the Ator or Ator+MSCs group was significantly lower than that in the Control group (10.25±2.70% vs. 22.34±4.35%, *P* = 0.000; 8.38±2.09% vs. 22.34±4.35%, *P* = 0.000), but was not different between Ator alone and Ator+ MSCs (*P* = 0.213) ([Fig. 5A--B](#pone-0065702-g005){ref-type="fig"}) ([Table S6 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). The serum hs-CRP levels were much higher in the Control than in the Sham group (0.48±0.10 mg/L vs. 0.30±0.09 mg/L, *P* = 0.017). In contrast, the hs-CRP levels decreased at endpoint in the MSCs and Ator+MSCs groups as compared with the Control group (0.30±0.10 mg/L vs.0.48±0.10 mg/L, *P* = 0.004; 0.23±0.07 vs. 0.48±0.10 mg/L, *P* = 0.0002) ([Fig. 5C](#pone-0065702-g005){ref-type="fig"}) ([Table S6 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

![TUNEL assay and serum hs-CRP levels.\
A. TUNEL-positive nuclei (apoptotic nuclei, green) and DAPI-stained nuclei (total nuclei, blue). B. The percentage of apoptotic cells was termed as the apoptotic index. The magnification is 100×. Scale bar = 100 µm. C. Serum hs-CRP level. Each group was compared with the Control group.\* *P*\<0.05, \# *P*\<0.01.](pone.0065702.g005){#pone-0065702-g005}

6. Combined therapy with Ator and MSCs enhanced the eNOS/NO system {#s3f}
------------------------------------------------------------------

NOS has three subtypes, eNOS, iNOS, and nNOS. The activity of cNOS (nNOS+eNOS) in serum significantly increased in Ator-treated animals compared with the Control group (16.06±6.12 U/mL in Ator and 18.32±3.89 U/mL in Ator+MSCs vs. 10.40±4.63 U/mL, *P* = 0.017, *P* = 0.001, respectively). However, there was no difference between the two Ator-treated groups. The concentrations of NO marginally increased in the Ator+MSCs group as compared with the Control (24.65±12.10 µmol/L vs. 12.22±7.28 µmol/L, *P* = 0.091). However, similar changes were not observed in other groups ([Fig. 6A--B](#pone-0065702-g006){ref-type="fig"}).

![NO concentration and cNOS activity and RT-PCR test.\
A. Serum NO concentration. B. Serum cNOS activity. C--E: RT-PCR of iNOS, eNOS, and nNOS in peri-infarcted area of each group. Each group was compared with the Control group.\* *P*\<0.05, \# *P*\<0.01.](pone.0065702.g006){#pone-0065702-g006}

RT-PCR results demonstrated that eNOS levels in the Ator+MSCs group were higher than those in the Control group, although with no significant difference (*P* = 0.082). However, the eNOS levels in the Ator+MSCs group were significantly higher than those in the Sham, Ator, and MSCs groups (*P* = 0.002--0.048). Ator alone animals had higher nNOS levels than Control group animals (*P* = 0.030), but were not significant different than those in the other four groups (*P* = 0.227--0.826). Levels of iNOS were lower in the Ator and MSCs group (*P* = 0.009--0.033), but not significantly different when comparing the Ator+MSCs and Control groups (*P* = 0.255) ([Fig. 6C--E](#pone-0065702-g006){ref-type="fig"}) ([Table S7 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}). Western blotting demonstrated increased eNOS phosphorylation and suggested increased activity in Ator-treated animals (1.03±0.04 in Ator and 1.15± 0.13 in Ator+MSCs) compared with the Control group (0.70±0.01, *P* = 0.002, *P* = 0.001) ([Fig. 7](#pone-0065702-g007){ref-type="fig"}) ([Table S8 in File S1](#pone.0065702.s001){ref-type="supplementary-material"}).

![Western blotting test.\
Ratio of average grayscale corrected value with p-eNOS/eNOS in peri-infarcted area of each group. Each group was compared with the Control group.\* *P*\<0.05, \# *P*\<0.01.](pone.0065702.g007){#pone-0065702-g007}

7. L-NNA diminished the benefits of Ator with MSC transplantation {#s3g}
-----------------------------------------------------------------

The benefits of Ator+MSCs in infarct area, heart function, and inflammation could be counteracted by the NOS blocker L-NNA. The differences of relevant data when compared with Control dismissed (*P*\>0.05) ([Figs. 1](#pone-0065702-g001){ref-type="fig"}--[2](#pone-0065702-g002){ref-type="fig"}, [3H](#pone-0065702-g003){ref-type="fig"}). However, the beneficial effects of Ator+MSCs on hs-CRP were not decreased significantly by L-NNA. ([Figs. 3](#pone-0065702-g003){ref-type="fig"}, [5](#pone-0065702-g005){ref-type="fig"}). The number of DAPI/CM-DiI-labeled cells within cardiac tissues of the Ator+MSCs+L-NNA group was significantly lower than that of the Ator+MSCs group (31.6±5.5/field vs. 92.2±9.6/field, *P*\<0.005). In addition, there was no difference compared with MSCs alone (31.6±5.5/field vs. 30.2±5.9/field, *P* = 0.765) ([Fig. 4E](#pone-0065702-g004){ref-type="fig"}). The apoptotic index significantly increased in the Ator+MSCs+L-NNA group when compared with that of the Ator (21.94±7.53% vs. 10.25±2.70%, *P* = 0.000), MSCs (21.94±7.53% vs. 17.95±3.39%, *P* = 0.01), or the Ator+MSCs group (21.94±7.53% vs. 8.38±2.09%, *P* = 0.000), and there was no difference compared with Control. (21.94±7.53% vs. 22.34±4.35, *P* = 0.787) ([Fig. 5B](#pone-0065702-g005){ref-type="fig"}). In the L-NNA-treated group, the cNOS (eNOS+nNOS) activity significantly decreased when compared with the Ator+MSCs group (12.38±2.74 U/mL vs. 18.32±3.89 U/mL, *P* = 0.016). The cNOS activity and NO concentration were not significantly different compared with the Control group (12.38±2.74 U/mL vs. 10.40±4.63 U/mll, *P* = 0.241; 14.58±19.09 µmol/L vs. 12.22±7.28 µmol/L, *P* = 0.470) ([Fig. 6A--B](#pone-0065702-g006){ref-type="fig"}). RT-PCR demonstrated that the level of eNOS mRNA was down-regulated in L-NNA-treated animals compared with Control (0.39±0.32 fold vs. 1.00±0.43 fold, *P* = 0.039) ([Fig. 6](#pone-0065702-g006){ref-type="fig"} C--E).

Angiogenesis, as measured by anti-Factor VIII staining of cells, was not different among the Control, Ator, MSCs, and Ator+MSCs groups (*P*\>0.05). However, there was a lower level of angiogenesis observed in the Sham (20.0±5.1/HPF vs. 34.2±3.6/HPF, *P* = 0.0002) and Ator+MSCs+L-NNA groups compared with the Control group (9.0±2.2/HPF vs. 34.2±3.6/HPF, *P* = 0.00005) ([Figure 8](#pone-0065702-g008){ref-type="fig"}).

![Factor VIII staining of peri-infarcted area.\
A, Sham group; B, Control group; C, Ator group; D, MSCs group; E, Ator+MSCs group; F, Ator+MSCs+L-NNA group; G, Factor VIII positive cells/HPF. Each group compared with control group. \# P\<0.01.The magnification is 400×, bar = 50 µm.](pone.0065702.g008){#pone-0065702-g008}

Discussion {#s4}
==========

A major focus of current research of cardiac cell repair therapy has been to improve the retention, survival, safety, and functional capacity of transplanted cells, including MSCs[@pone.0065702-Forte1]. The reported benefits of stem cell therapy for cardiac function in clinical trials have been only modest. One of the unresolved issues is the rather rapid disappearance of cells after a few days, which is accompanied by the lack of any demonstrable regenerative effect. Therefore, it is plausible that the success of stem cell therapy could depend not only upon "paracrine" effects, but may be enhanced by prolonged survival and retention of the transplanted cells. To date, most investigators have focused on the modification of "seeds" (i.e., the stem cells themselves), such as through heat shock, hypoxia preconditioning, or genetic transfection, but the clinical application of these techniques needs further exploration [@pone.0065702-Pons1]. An alternative approach to enhancing the effects of stem cell implantation, as tested in this study, is to modify the peri-infarct milieu through pharmacological intervention with statins. Our previous studies have provided evidence that Simvastatin and Atorvastatin may improve the survival of transplanted MSCs and cardiac functional recovery [@pone.0065702-Yang2]--[@pone.0065702-Yang3]. Our current study not only confirmed and extended our prior work, potentially contributing great insight for the clinical setting, but also demonstrated that one of the potential benefits may be mediated by the up-regulation of eNOS expression and activities.

1. MSC transplantation alone modestly improves cardiac function in the swine hearts with AMI {#s4a}
--------------------------------------------------------------------------------------------

The poor survival of transplanted MSCs in the adverse microenvironment is a major concern. It is one of the barriers to the success of stem cell therapy, and emphasizes the potential for a new approach that involves enhancing the protective environment and increasing the number of viable myocytes. MSC treatment alone in our study did not achieve significant recovery of heart function, contrary to prior studies [@pone.0065702-Yang2]--[@pone.0065702-Dai1]. This may be attributed to the following reasons. (1) Difference in infarct model -- we ligated the left anterior descending coronary artery for 90 min and reperfused 30 min before transplantation; therefore, the severity of inflammation caused by reperfusion injury may be greater than that in the model of permanent ligation [@pone.0065702-Cannon1]. (2) Differences in the timing of implantation -- many studies have implanted cells within a week of MI [@pone.0065702-Jiang1]; however, we chose the timepoint immediately after AMI and reperfusion on the assumption that changes in the microenvironment at that time would be the most severe, allowing the opportunity to demonstrate a benefit of strategies aimed at modifying the peri-infarct milieu. (3) Differences in the number of implanted MSCs -- Wolf et al had demonstrated a dose-dependent improvement in ventricular function after MSC delivery [@pone.0065702-Wolf1]; the transplanted cell number in our study was 3×10^7^ cells/animal, which was less than that in those positive studies. Finally, (4) Difference in the duration of the follow-up -- the studies of Chen et al. and Katritsis et al. had a follow-up duration of 3--6 months [@pone.0065702-Chen1]--[@pone.0065702-Katritsis1]; our follow-up period of 4 weeks may be not long enough to determine the full benefits of MSC transplantation.

2. Atorvastatin can facilitate the survival of implanted MSCs and improve cardiac function {#s4b}
------------------------------------------------------------------------------------------

Although Ator or MSC transplantation alone did demonstrate improvements in inflammation or fibrosis, there was minimal effect on cardiac function.In contrast, however, the combination of Ator+MSCs was significantly associated with a reduction in measured infarct size, as well as an increase in the extent of viable myocardium and left ventricular function. Our data indicate that statins may enhance the effect of MSC transplantation. Considering the lipid-lowering effects of statins, which may interfere with the results, low-dose Ator (0.25 mg/kg) was used, as reported previously [@pone.0065702-Yang1], [@pone.0065702-Rosanio1]. Furthermore, the changes in serum lipids in this study were not significantly different from baseline to endpoint among the groups, indicating that the role of Ator was independent of its lipid-lowering effect.

In this study, we used a fluorescent double labeling technique to track the survival of implanted MSCs. The fluochrome DAPI binds to DNA and selectively stains the nuclei, emitting blue fluorescence under a UV light. However, a previous study had shown that DAPI released from dead labeled cells would stain unlabelled cells in neighboring tissues, which could lead to false-positive results [@pone.0065702-Cao1]. In contrast, DiI is a hydrophobic and lipophilic cyanine stain that stains the entire cytoplasm and does not spread outside the labeled cells [@pone.0065702-Nyolczas1]. CM-DiI is a DiI derivative that is more water-soluble than DiI and, thus, more easily prepared as staining solutions for cell suspensions and fixed cells [@pone.0065702-Weir1]. Therefore, we applied DAPI combined with CM-DiI as a marker to label the MSCs, and considered cells positive with both markers as survived implanted cells. Consequently, studies using DAPI only may have overestimated the survival of engrafted cells after infarction [@pone.0065702-Cao1].

Whether transplanted MSCs can transdifferentiate into fully functional cardiomyocytes remains an area of controversy [@pone.0065702-Weir1]. In this study, we found that some transplanted cells expressed cardiomyocyte-specific proteins, such as CTn-T and Cx-43. This indicates that the transplanted MSCs might have differentiated into cardiac-like cells, providing new experimental evidence for MSC-based cardiac regeneration. However, the low level of transdifferentiation suggests that there must be additional mechanisms to account for the improvements in cardiac function recovery. Paracrine [@pone.0065702-Li1], most likely on angiogenesis [@pone.0065702-Caplan1], is a well known effect of MSCs. The perfusion defect decreased in both Ator+MSCs and in MSCs group, implied that the paracrine mechanism such as angiogenesis did work, at least in part, in the MSCs therapy, although the density of factor VIII positive cells had not significant difference under the optical microscope. Another potential mechanism is the mobilization of endogenous stem cells [@pone.0065702-Forrester1], which remains an area of widespread investigation.

3. Beneficial effect of Atorvastatin may be mediated by increased eNOS expression and activity {#s4c}
----------------------------------------------------------------------------------------------

Our observation that serum hs-CRP decreased significantly at the endpoint in the Ator+MSCs group suggests a reduction in inflammation after the combined Ator and stem cell treatment. This is consistent with the finding that less inflammatory infiltration, fibrosis, apoptosis, and a greater number of surviving transplanted cells occur in the Ator+MSCs group. Because of the similar capillary density among treated groups, the influence of angiogenesis by Ator or MSCs did not appear to play a decisive role in the study, which reveals the multiple mechanisms of statin. This result is contrary to our prior study [@pone.0065702-Yang1], perhaps due to the difference in Ator treated duration or follow-up time.

The benefits of Ator could conceivably be the consequence of its "pleiotropic" effects, specifically on inhibition of inflammatory, fibrotic, and apoptotic processes. Such effects may lead to improvement in the local microenvironment, which in turn could become more supportive of the survival and functional recovery of engrafted cells. To further determine the relevant mechanisms, we used an NOS inhibitor to clarify the role of the NOS/NO system. As a competitive inhibitor of NOS, L-NNA selectively binds to cNOS (including eNOS and nNOS), which is more powerful than other L-arginine analogs [@pone.0065702-Southan1] and does not produce hemodynamic change in non-NO factors [@pone.0065702-Buxton1].

Our results demonstrate that the activity of cNOS increased in the Ator-treated groups (including Ator and Ator+MSCs). In addition, we observed a high expression of eNOS, but not iNOS and nNOS levels in the Ator+MSCs group. However, the levels of cNOS activity and eNOS expression markedly decreased when L-NNA was added, indicating an inhibitory effect. Considering the lack of a significant difference of iNOS between Ator+MSCs and the Control group, and the scarcity of nNOS in the myocardium, it is likely that eNOS is the main component of increased NOS in animal hearts receiving MSCs combined with Ator. Although there was no control group receiving L-NNA alone, a prior rat study, utilizing a similar dose of L-NNA alone did not show any effect of L-NNA on infarct size [@pone.0065702-Gonon1].

Endothelial NOS plays a central role in maintaining cardiovascular homeostasis by controlling NO bioactivity. However, it is still unclear which specific upstream signaling pathways regulate NOS activity. It is believed that several pathways, including phosphatidylinositol--3 kinase/protein kinase B (PI3K/Akt), GTPases RhoA/Rac1, and AMP-activated protein kinase (AMPK), may participate in the activation of NOS [@pone.0065702-Ohkawara1]. The role of PI3k/Akt in the pleiotropic effect of statins has been proposed and recently defined [@pone.0065702-Dimmeler1]. Inhibition of PI3K/Akt attenuates the stimulatory effect of statins on proliferation of endothelial progenitor cells [@pone.0065702-Dimmeler1], while lovastatin could inhibit the apoptosis of MSCs through the same pathway [@pone.0065702-Xu1]. AMPK is a kinase involved in energy metabolism [@pone.0065702-Gonon1]. Chen et al have found low levels of Ator-induced eNOS phosphorylation in the aortas of AMPKα2^−/−^ mice [@pone.0065702-Chen2], suggesting that AMPKα is a primary kinase that phosphorylates eNOS.

Study Limitations {#s5}
=================

The main limitations of the study are the relatively small quantity of animals; the missing of L-NNA related control groups and long term observation; lack of statin\'s effect on endogenous stem cell mobilization and upstream signaling analysis. Our preliminary experiments *in vitro* demonstrated that Ator inhibits apoptosis of MSCs induced by hypoxia and the serum-free condition through the AMPK pathway [@pone.0065702-Dong1]. The data support the hypothesis that AMPK is one of the key pathways in our animal study, which would be the subject of our future research.

Conclusions {#s6}
===========

In summary, our observations indicate that treatment with a low-dose of Atorvastatin facilitates the survival of engrafted MSCs, as well as improves tissue repair and regeneration and cardiac function after MSC transplantation in the experimental animal model. The benefits of Ator + MSCs may be, at least in part, mediated by enhanced expression and activation of cNOS, especially eNOS, which is independent of the lipid-lowering effect for Atorvastatin.
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